ABSTRACT: The horseshoe crab cationic antimicrobial peptide polyphemusin I is highly active in Vitro but not protective in mouse models of bacterial and LPS challenge, while a synthetic polyphemusin variant, PV5, was previously shown to be protective in ViVo. In this study, we investigated the interaction of these peptides with lipid membranes in an effort to propose a mechanism of interaction. The solution structure of PV5 was determined by proton NMR in the absence and presence of dodecylphosphocholine (DPC) micelles. Like polyphemusin I, PV5 is a -hairpin but appeared less amphipathic in solution. Upon association with DPC micelles, PV5 underwent side chain rearrangements which resulted in an increased amphipathic conformation. Using fluorescence spectroscopy, both peptides were found to have limited affinity for neutral vesicles composed of phosphatidylcholine (PC). Incorporation of 25 mol % cholesterol or phosphatidylethanolamine into PC vesicles produced little change in the partitioning of either peptide. Incorporation of 25 mol % phosphatidylglycerol (PG) into PC vesicles, a simple prokaryotic model, resulted in a large increase in the affinity for both peptides, but the partition coefficient for PV5 was almost twice that of polyphemusin I. Differential scanning calorimetry studies supported the partitioning data and demonstrated that neither peptide interacted readily with neutral PC vesicles. Both peptides showed affinity for negatively charged membranes incorporating PG. The affinity of PV5 was much greater as the pretransition peak was absent at low peptide to lipid ratios (1:400) and the reduction in enthalpy of the main transition was greater than that produced by polyphemusin I. Both peptides decreased the lamellar to inverted hexagonal phase transition temperature of PE indicating the induction of negative curvature strain. These results, combined with previous findings that polyphemusin I promotes lipid flip-flop but does not induce significant vesicle leakage, ruled out the torroidal pore and carpet mechanisms of antimicrobial action for these polyphemusins.
The polyphemusins are a group of cationic peptides isolated from the American horseshoe crab, Limulus polyphemus (1) , and share a great similarity to the tachyplesins from the Japanese horseshoe crab, Tachypleus tridentatus (2) . These peptides are 17-18 amino acid residues in length and contain two disulfide bonds which act to constrain the peptide backbone into an antiparallel -hairpin connected by a -turn. To date, the solution and micelle-bound structures of tachyplesin I (3) and the solution structure of polyphemusin I (4) as well as the structures of various analogues have been determined by nuclear magnetic resonance. These structures have served as templates for peptide design as well as tools for investigating structure-activity relationships as an approach to determine the mechanism of action of this family of peptides.
The mechanism of action of the polyphemusins and tachyplesins, while not clear, is believed to involve membrane translocation (4) (5) (6) . Previous studies utilizing model membranes have shown that, at low peptide to lipid ratios, polyphemusin I readily induces lipid flip-flop between membrane leaflets but produces a low degree of entrapped calcein release (5) . In addition, a translocation assay has demonstrated that polyphemusin I becomes digested by liposome-entrapped protease (5) . Combined, these findings indicate that polyphemusin I is capable of accessing the interior of liposomes and does so without greatly disrupting or permeabilizing the lipid bilayer.
In an effort to improve the high intrinsic antimicrobial activity of the polyphemusins, a series of analogues were designed with increased charge and amphipathic character as indicated by computer modeling (7) . Characterization of these analogues revealed a 2-4-fold decrease in antimicrobial activity; however, one analogue in particular, PV5, 1 with an additional arginine inserted into the turn region, displayed a 2-fold reduction in hemolytic activity and substantially improved protection in mouse models of endotoxemia (7) . Specifically, PV5 produced a 50% survival rate in gla-ctosamine-sensitized mice challenged with Escherichia coli LPS compared to 10% survival produced by polyphemusin I and no survival without peptide treatment. Recently, the related peptide tachyplesin has been demonstrated to function as a secondary secretagogue of LPS-induced hemocyte exocytosis presumably through a G protein mediated pathway (8) . While these studies were conducted using horseshoe crab hemocytes, it is conceivable that interaction of these -hairpin peptides with mammalian hemocytes could elicit the same response, resulting in amplification of the innate immune system. This may explain the ability of the polyphemusins to protect mice challenged with LPS but does not account for the differences observed between polyphemusin I and PV5.
To continue to investigate the mechanism of action of the polyphemusins, we have determined here the three-dimensional solution structure of PV5 in the presence and absence of DPC micelles using two-dimensional proton NMR and compared it to the previously determined structure of polyphemusin I (4). The interactions of both polyphemusin I and PV5 with model membranes, representing eukaryotic and prokaryotic compositions, were investigated using fluorescence spectroscopy and differential scanning calorimetry. A mechanism of membrane translocation for the polyphemusins is proposed, based on the results presented here as well as previous findings.
MATERIALS AND METHODS
Peptide Synthesis. Polyphemusin I (RRWCFRVCYRGF-CYRKCR-NH 2 ) and PV5 (RRWCFRVCYRGRFCYRKCR-NH 2 ) were synthesized by Fmoc solid-phase peptide synthesis using a model 432A peptide synthesizer (Applied Biosystems Inc.) at the University of British Columbia. Both peptides were oxidized using a Tris-DMSO solution (100 mM Tris-HCl, 20% DMSO, pH 8) for 24 h at room temperature to promote disulfide bond formation (9) . The correctly folded peptides were then purified by reversedphase chromatography using a Pharmacia model LKB FPLC. Correct disulfide bond formation (between cysteine residues 4-17 and 8-13 of polyphemusin I and residues 4-18 and 8-14 of PV5) of the purified peptides was confirmed by MALDI mass spectrometry through an observed 4 mass unit difference between the reduced and oxidized forms of the peptides (data not shown) and further verified through the observation of long-range NOEs in the NOESY spectra of PV5 and previously for polyphemusin I (4). For clarity, the primary structures and disulfide connectivity of the synthesized peptides are shown in Figure 1 .
NMR Spectroscopy. PV5 was dissolved in H 2 O:D 2 O (9: 1) at a concentration of 2 mM, with or without 300 mM DPC. The pH* of the final samples were 3.80 and 3.95 in the absence and presence of DPC. NMR spectra of PV5 without DPC were recorded at 25°C on a Varian Unity 500 NMR spectrometer operating at a 1 H frequency of 499.94 MHz. NMR spectra of PV5 containing 300 mM DPC were recorded at 40°C on a Varian Inova 600 NMR spectrometer operating at a 1 H frequency of 599.84 MHz. DQF-COSY (10), TOCSY (11) , and NOESY (12) spectra were obtained using standard techniques. Water suppression was achieved using the WATERGATE technique (13, 14) or by presaturation. Spectra were collected with 512 data points in F 1 and 2048 data points in F 2 . TOCSY spectra were acquired using the Malcolm Levitt (MLEV) 17 pulse sequence (15) at a spin-lock time of 60 ms. NOESY spectra were recorded with a mixing time of 150 ms. The NMR data were processed with NMRPIPE (16) .
NOE Data Analysis and Structure Calculation. All NMR spectra were analyzed using NMRView version 5.0.3 (17) . NOE cross-peaks were assigned and integrated. The NOE volumes were converted to distances and calibrated using intraresidue H N -H R cross-peaks and the mean distance of 2.8 Å determined by Hyberts et al. (18) . The distances were then converted into distance restraints by calculating upper and lower distance bounds using the equations of Hyberts et al. (18) . Pseudoatom restraints were corrected as previously described (19) by adding 1 and 1.5 Å to the upper distance bound of unresolved methylene and methyl protons, respectively, and resolved methylene protons were float-corrected by adding 1.7 Å to the upper distance bound. Structure calculations were performed using X-PLOR-NIH version 2.9.0 (20) . One hundred structures were generated by the DGSA protocol and further refined. The refinement consisted of simulated annealing, decreasing the temperature from 310 to 10 K over 50000 steps. In the sample without DPC, 49 PV5 structures were calculated with no NOE violations >0.3 Å, and the 16 lowest energy conformers with final energies <28 kcal mol -1 were selected for presentation. In the sample containing DPC, 26 PV5 structures were calculated with no NOE violations >0.2 Å, and the 17 lowest energy conformers with final energies <36 kcal mol -1 were selected for presentation. Structural analysis and visualization were performed using PROCHECK (21, 22) and MOLMOL (23) .
Membrane Partitioning. The ability of polyphemusin I and PV5 to associate with and partition into lipid membranes was investigated using fluorescence spectroscopy as previously described (24) . Liposomes were made by dissolving lipids at the indicated molar ratios in a chloroform:methanol (2:1) solution. Liquid was removed under a stream of nitrogen, and the lipid film was further dried under vacuum 1 Abbreviations: D2O, deuterium oxide; DGSA, distance geometry simulated annealing; DiPoPE, 1,2-dipalmitoleoyl-sn-glycero-3-phosphoethanolamine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG, 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt); DMSO, dimethyl sulfoxide; DPC, dodecylphosphocholine (D38, 98%); DQF-COSY, double quantum filtered correlated spectroscopy; DSC, differential scanning calorimetry; Tris, tris(hydroxyethyl)aminomethane; EDTA, ethylenediaminetetraacetic acid; FPLC, fast purification liquid chromatography; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; LPS, lipopolysaccharide; MLV, multilamellar vesicle; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser enhancement; NOESY, nuclear Overhauser effect spectroscopy; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; pH*, pH in D 2O; PM1, polyphemusin I; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt); PV5, polyphemusin I analogue; SUV, small unilamellar vesicle; TOCSY, total correlated spectroscopy. for a minimum of 2 h. The lipid film was suspended in 10 mM HEPES and 150 mM NaCl, pH 7.4, with vortexing, and liposomes were formed by sonicating to clarity. A 1 µM peptide solution in 10 mM HEPES and 150 mM NaCl, pH 7.4, was added to a cuvette, and the tryptophan fluorescence was measured on a PerkinElmer model LS50B luminescence spectrometer (Boston, MA) at an excitation wavelength of 280 nm and emission range of 300-400 nm, giving the 100% unbound peptide spectra. Aliquots of the desired SUV composition at a stock concentration of 13.2 mM lipid in 10 mM HEPES and 150 mM NaCl, pH 7.4, were added, and the fluorescence spectra were recorded as above. In all cases, binding experiments were performed three times.
To determine the binding of peptide to liposomes, binding isotherms were analyzed as partition equilibrium as previously described (24) (25) (26) using the formula X b ) K p C f , where X b was the molar ratio of bound peptide per total lipid, K p was the partition coefficient, and C f was the equilibrium concentration of free peptide in solution. To determine X b , the fluorescence signal arising from all peptides in the lipidbound form, F ∞ , had to be determined. This value was estimated from the fluorescence plateau reached during titration (in the case of POPC:POPG SUVs, Figure 4C ) or extrapolated from the Y-intercept of a double reciprocal plot of total peptide fluorescence (F) vs the total concentration of lipid (C L ), as previously described by Schwarz et al. (25) (data not shown). Thus, knowing the fluorescence intensities of the free (F 0 , no lipid added) and bound (F ∞ ) peptide forms, the fraction of membrane-bound peptide, f b , was determined by the formula f b ) (F -F 0 )/(F ∞ -F 0 ), where F was the peptide fluorescence after each addition of vesicles. An additional assumption was made that the peptides interact solely with the lipids in the outer leaflet of the vesicles (60% of total lipid) (26) , and thus X b values were corrected according to the formula X b * ) X b /0.6.
Differential Scanning Calorimetry. The interaction of polyphemusin I and PV5 with phospholipid membranes was investigated using differential scanning calorimetry. In all cases, synthetic lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL), and used without further purification, and all buffers and samples were degassed under vacuum for 15 min prior to being loaded into the calorimeter. For experiments involving DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and DMPG (1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], sodium salt) lipid species, lipids were dissolved in chloroform:methanol (2:1) at the indicated molar ratios, dried under a stream of N 2 , and held under vacuum overnight. The lipid film was then suspended in 10 mM Tris-HCl and 150 mM NaCl, pH 7.4, to yield multilamellar vesicles (MLVs) at a working concentration of 1 mg/mL. DSC scans were recorded on a CSC Nano II differential scanning calorimeter (Lindon, UT). Scans were performed from 5 to 40°C with a temperature increase of 1°C /min and a 10 min equilibration period before each scan. Between scans, peptide was added from a concentrated stock solution to give the indicated peptide to lipid mole ratios. In all cases, the thermogram of buffer alone was subtracted prior to plotting and analysis. The raw data were converted to molar heat capacity using the CPCalc program using the corresponding lipid concentrations and molecular weights and the partial specific volume of 0.988 mL/g (27) .
For experiments involving DiPoPE (1,2-dipalmitoleoylsn-glycero-3-phosphoethanolamine), lipid and peptide were codissolved in chloroform:methanol (2:1) at the indicated mole ratios, dried under a stream of N 2 , and held under vacuum overnight. The peptide-lipid film was suspended in 10 mM Tris-HCl, 100 mM NaCl, and 2 mM EDTA, pH 7.4, to yield multilamellar vesicles (MLVs) at a working lipid concentration of 7.5 mg/mL. The fluid lamellar (L R ) to inverted hexagonal (H II ) phase transition temperature of the lipids was measured with a MicroCal VP-DSC differential scanning calorimeter (Northampton, MA). A minimum of three scans were performed from 10 to 60°C with a temperature increase of 1°C/min and a 15 min equilibration period before each scan. In all cases, the thermogram of buffer alone was subtracted prior to plotting and analysis using MicroCal Origin 7.0.
RESULTS

NMR Spectroscopy
. DQF-COSY, TOCSY, and NOESY spectra were collected for PV5 at 25°C, pH* 3.8, and at 40°C , pH* 3.95, in the absence and presence of 300 mM DPC, respectively. Proton resonances were assigned sequentially, and the chemical shift assignments are recorded in the Supporting Information and deposited at the BMRB. The TOCSY spectra indicated good separation of spin systems, with minor overlap occurring between residues Arg-6 and Arg-16 (data not shown). It was possible to assign the complete or partial spin systems of all residues with the exception of the N-terminal arginine for which the amide resonance was not observed. The NOESY spectra indicated strong d RN (i,i + 1) contacts throughout the molecule and are characteristic of a -sheet structure (28) . In addition, several long-range connectivities, separated by as many as 13 residues, were further confirmation the disulfide-constrained antiparallel -hairpin structure of PV5.
NOE Analysis and Structure Generation. The solution structure of PV5 was calculated using 129 total NOE restraints of which 67 were intraresidue and 62 were interresidue restraints ( Table 1 ). The structure of PV5 in the presence of DPC micelles was calculated using 137 total NOE restraints of which 68 were intraresidue and 69 were interresidue restraints (Table 1) . In both the solution and micelle-associated samples, NOE restraints were distributed evenly throughout the molecule, and complete lists of NOEderived distance restraints have been deposited in the PDB. The ensemble of the 16 lowest energy calculated PV5 structures is shown in Figure 2A . The 16 structures aligned Figure 2C ) micelles showed modest differences to the structures determined in the absence of DPC. These 17 structures also aligned well over the -sheet region with average pairwise RMSDs of 0.18 ( 0.09 and 1.18 ( 0.18 Å for backbone and heavy atoms, respectively. For clarity, the structure with the lowest average pairwise RMSD to the mean has been chosen as a representative structure for both the aqueous and DPC-associated samples (panels B and D of Figure 2 , respectively). The structure of PV5 was found to be an antiparallel -sheet connected by a turn region. In both DPC and non-DPC samples, the sheet region was relatively flat with the turn and tail regions projecting out of this plane although the degree of projection appeared less in the DPC environment. Figure 3A shows the contact surface of the representative structure of PV5 painted according to the electrostatic potential of the molecule. PV5 did not appear to be a highly amphipathic molecule in solution but rather was more amphiphilic, with its cationic loop and termini regions separated by a hydrophobic midsection. However, due to the dynamic termini, as evidenced by the poor overlay of these regions ( Figure   2A) , it appeared to demonstrate substantial conformational flexibility. This appeared to be reduced in the micelle-bound structure in which the variation in lowest energy structures was substantially reduced, possibly reflecting a requirement for the PV5 molecule to adopt a more amphipathic conformation upon interaction with a hydrophobic environment. Indeed, the structure of PV5 determined in the presence of DPC micelles indicated an amphipathic conformation as indicated in Figure 3B . Reorganization of the side chains of the molecule results in a hydrophobic face and an area of cationic charge due to the clustering of the arginine residues. The amphipathic conformation of PV5 in lipid environments was in fact similar to the inherent amphipathic character of the parent peptide, polyphemusin I, in solution alone ( Figure  3C) .
A backbone overlay of the representative structures of PV5, in both the absence and presence of DPC micelles, and polyphemusin I (4) revealed only minor differences between the peptides ( Figure 3C ). The head and tail regions of solution PV5 projected further out of the plane formed by the backbone compared to those of polyphemusin I, due to the insertion of an arginine residue at position 12 of PV5. This insertion disrupted the classical four-member -turn region of polyphemusin and was the only sequence difference. Addition of DPC micelles reduced the nonplanar nature of the PV5 backbone and resulted in a structure similar to that of polyphemusin I.
Membrane Partitioning. The ability of polyphemusin I and PV5 to associate with and partition into lipid bilayers was determined using fluorescent spectroscopy, with the single tryptophan residue in each peptide serving as an intrinsic fluorophore. Tryptophan fluorescence is a common and useful method to determine the influence of the polarity of the local environment. In a polar environment, excited tryptophan residues interact with polar solvent molecules, suppressing their mobility and thus decreasing the energy of the excited state (29) . This decrease in energy can be observed by the minimal fluorescence intensity. As the polarity of the environment decreases, the tryptophan fluorescence shifts to a lower wavelength (a blue shift) with a corresponding increase in intensity. As liposomes were titrated into a cuvette containing either polyphemusin I or PV5, the fluorescence signal, monitored at 335 nm, was observed to increase. Representative fluorescence spectra are included in Figure 4A ,C,E,G.
Peptide partition coefficients (K p ) were determined from the slope of the initial, linear portion of the binding isotherms of bound peptide per total lipid (X b *) vs the equilibrium concentration of free lipid (C f ) (see Figure 4B ,D,F,H for representative binding isotherms). Both peptides had low affinity for neutral POPC vesicles with partition coefficients (means ( standard deviations of three separate experiments) of (2.7 ( 0.5) × 10 3 and (1.3 ( 0.2) × 10 3 M -1 for polyphemusin I and PV5, respectively (Table 2) . Incorporation of 25 mol % of the negative lipid, POPG, which served as a simple model of an anionic prokaryotic membrane, increased the affinity of both peptides but had a greater effect on PV5 [(53 ( 2) × 10 3 M ]. Incorporation of 25 mol % cholesterol, which served as a model of a eukaryotic membrane, showed little effect on the affinity of both peptides compared to that of POPC alone with partition coefficients of (1.4 ( 0.2) × 10 3 Differential Scanning Calorimetry. In this study, the effects of polyphemusin I and PV5 on the thermotrophic phase behavior of zwitterionic DMPC and anionic DMPC:DMPG multilamellar vesicles were observed by DSC. DSC is a useful tool for characterizing the interaction of compounds with lipid bilayers. Since the phase transition temperatures and transition enthalpies of phospholipid bilayers, particularly those incorporating phosphatidylcholine and phosphatidylglycerol (30), have been extensively studied and are well understood, the effects of exogenously added compounds can be determined by monitoring the changes in these values. Indeed, DSC has been used in a variety of peptide-lipid studies (31) (32) (33) (34) . The effect of added peptide on the pretransition and main gel to liquid-crystalline transition serves as an indicator of the ability of the peptide to associate with lipid headgroups and disrupt the lipid acyl chain packing, respectively. In addition, the effect of peptide on the lamellar (L R ) to inverted hexagonal (H II ) phase transition temperature (T H ) serves as an indicator of induced curvature strain and is often used to provide insights into the mechanism of action of a particular peptide (35, 36) . Together, these data provide an insight to the overall mechanism of the interaction of the peptide with the lipid bilayer studied.
DSC thermograms indicating the pretransition (lamellar gel, L ′, to rippled gel, P ′) and main gel to liquid-crystalline transition (L R ) are shown in Figure 5 for DMPC and in Figure  6 for DMPC:DMPG vesicles. The DSC thermograms of pure DMPC MLVs ( Figure 5 , for a peptide:lipid ratio of 0:800) indicated a small, broad pretransition peak at 15.1°C and a tall, narrow L R peak centered at 24.2°C. Addition of increasing concentrations of either polyphemusin I or PV5 had only minor effects, indicating that neither peptide readily associated with or disrupted the acyl chain packing of netneutral (zwitterionic) DMPC bilayers. For example, at low to moderate peptide concentrations (peptide:lipid ratios <1: 200) the L R transition peak at 24.2°C was only slightly reduced in amplitude compared to the untreated DMPC control. The pretransition peak at 15.1°C was still observed, even at high peptide concentrations (peptide:lipid ratios >1: 100), indicating that the interaction of the peptide with the lipid headgroups was minimal. At all peptide concentrations, the enthalpy of both the pretransition and main transition peaks, as revealed by the peak heights and areas, was somewhat less in the presence of polyphemusin I than in the presence of PV5, indicating that polyphemusin I interacted more strongly with zwitterionic DMPC vesicles than did PV5.
While eukaryotic membranes contain predominantly zwitterionic lipids, bacterial membranes contain substantial (up to 30 mol %) amounts of negatively charged lipids such as phosphatidylglycerol (PG) and cardiolipin. The DSC thermograms of anionic DMPC:DMPG (3:1 molar ratio) multilamellar vesicles ( Figure 6 , peptide:lipid ratios of 0:800) appeared to be similar to those of pure DMPC, with a small, broad pretransition peak at 15.2°C and a tall, narrow L R peak centered at 24.6°C. The addition of increasing concentrations of polyphemusin I or PV5 caused much more prominent changes than in the case of zwitterionic DMPC vesicles, indicating that both peptides readily associated with and disrupted the acyl chain packing of the negatively charged vesicles. At low peptide concentrations (peptide: lipid ratios <1:400), the main transition peak at 24.6°C was considerably reduced in magnitude compared to untreated control DMPC:DMPG vesicles. At moderate concentrations (peptide:lipid ratios of 1:100), this peak was almost entirely abolished, indicating the near absence of a phase transition. The pretransition peak at 15.2°C was greatly reduced at low peptide concentrations (peptide:lipid ratios <1:800) and abolished almost entirely at a PV5:lipid ratio of 1:400 and a polyphemusin I:lipid concentration of 1:200, indicating there were very significant interactions of both peptides with the lipid headgroups. At all peptide concentrations, the enthalpies of both the pretransition and L R transitions were less in the presence of PV5 than in the presence of polyphemusin I, indicating that, opposite to the results for zwitterionic DMPC vesicles, PV5 interacted more strongly with negative DMPC: DMPG vesicles than polyphemusin I.
DSC was also used to determine the effects of polyphemusin I and PV5 on membrane curvature by monitoring the temperature (T H ) of the phase transition of DiPoPE vesicles from the liquid-crystalline (L R ) to inverted hexagonal (H II ) phase. The DSC thermogram of pure DiPoPE indicated a T H of 43.8°C as indicated by the vertical line (Figure 7 ). At very low concentrations of PV5 (peptide:lipid ratio of 1:1000) the T H was reduced, indicating that PV5 induced negative curvature. An increase in peptide concentration (peptide:lipid ratio of 1:500) further reduced the T H and led to a slight broadening of the transition peak. Very low concentrations of polyphemusin I (peptide:lipid ratio of 1:1000) also caused a reduction in T H compared to untreated DiPoPE vesicles, indicating negative curvature strain, and similarly resulted in a broadening in peak width. This peak was also asymmetric in shape, indicating a reduction in lipid cooperativity of the transition most likely due to the presence in the membrane of peptide-rich regions. Further increasing the polyphemusin I concentration (peptide:lipid ratio of 1:500) actually increased the T H slightly above that observed at the lower polyphemusin I. While this suggests that polyphemusin I stabilizes the lamellar form, it should be noted that the T H observed for both concentrations are reduced compared to the untreated lipid control. Thus, the DSC thermograms indicated that both polyphemusin I and PV5 induced negative membrane curvature strain and promoted the formation of inverted hexagonal phases by decreasing the phase transition temperature. In addition, the different effects on phase transition peak width indicate that polyphemusin I had a much greater effect on lipid cooperativity, as the phase transition peaks were much broader with polyphemusin I 
DISCUSSION
Due to the excellent antimicrobial activity of polyphemusin I (<0.2 µM for both Gram-negative and Gram-positive organisms), but disappointing ability to protect in animal models of infection and sepsis, a series of polyphemusin I analogues were previously designed to improve amphipathic character and/or increase cationic charge (7). One analogue, PV5, was found to be quite protective in mice models of bacterial challenge and endotoxemia while retaining effective in Vitro activity (less than 0.4 µM for both Gram-negative and Gram-positive organisms) (7). In our ongoing effort to characterize the antimicrobial mechanism of the polyphemusins, these two peptides were used as representatives of this family. To investigate the structural components involved in their activity, the three-dimensional solution structure of PV5 was determined by 1 H NMR, in the absence and presence of DPC micelles, and compared to the previously determined structure of polyphemusin I (4). In addition, the interaction of both peptides with lipid membranes was investigated using fluorescence spectroscopy and differential scanning calorimetry.
An ensemble of the lowest energy structures of PV5 in the absence and presence of DPC micelles was determined in this study (Figure 2A ). The structure of PV5 was that of an antiparallel -hairpin. Comparison of the backbone structures of PV5 with the previously determined structure of polyphemusin I (4) revealed only small differences between the two peptides ( Figure 3D ). The head and tail regions of PV5 projected further out of the plane formed by the backbone than those of polyphemusin I. The insertion of an arginine at position 12 of PV5 disrupted the fourmember -turn region accounting for the change in structure of the head region when compared to polyphemusin I. While there were conformational differences between the tail regions of the representative structures, the large degree of conformational flexibility in this region suggested that these differences likely do not account for differential membrane interactions of these peptides. The structure of PV5 determined in the presence of DPC micelles revealed that the side chains of the molecule undergo a reorganization which resulted in an increased amphipathic conformation ( Figure  3B ). Unfortunately, we were unable to study the peptide in the presence of negatively charged SDS micelles as this led to precipitation, presumably due to peptide-induced micelle aggregation. Laederach et al. have identified a potential hinge region at the center of the related peptide tachyplesin and have postulated that this allows the peptide to adopt a more surface hydrophobic character when present in a membrane environment (3). This hinge egion, proposed as a result of only two long-range NOE restraints, was not observed in our study of PV5. It is conceivable that such a hinge could also act to bring the cationic turn and termini regions in closer proximity, to facilitate a larger cationic patch to interact with anionic lipids. If this mechanism of binding were applied, for instance, to peptide-LPS interactions, where the cationic head and termini of the peptide bind to the anionic phosphate groups present in the LPS, the additional cationic charge imparted by arginine-12 may aid in this function ( Figure  3A-C) . This oriented binding and additional cationic charge could also explain why the interaction of PV5 with LPS was less inhibited by the presence of added Mg 2+ ions than was polyphemusin I (7).
Polyphemusin I and PV5 exhibited only minor interactions with neutral membranes composed of PC, PC:cholesterol, or PC:PE. The partition coefficient of polyphemusin I was 2-fold greater than that of PV5 for PC vesicles; however, both peptides partitioned relatively poorly into neutral membranes compared to the negative PC:PG vesicles ( Table  2 ). The DSC thermograms of PC correlated with the partitioning data and indicated that, even at quite high peptide concentration, pretransition and main transition peaks were still present ( Figure 5 ). Thus, both polyphemusin I and PV5 interacted weakly with the lipid headgroups and acyl chains of neutral membranes, although polyphemusin I displayed a slightly increased membrane interaction as evidenced by the greater reduction in enthalpy of the main gel to liquidcrystalline transition compared to PV5.
The addition of biologically significant lipids was also studied to determine their effects on membrane partitioning. Addition of 25 mol % of the eukaryotic lipid cholesterol to produce PC:cholesterol vesicles showed little effect on the affinity of both peptides compared to that of POPC alone (Table 2) . Phosphatidylethanolamine was also used in partition studies due to its relatively high content in prokaryotic cells (>70%) as well as its presence in eukaryotic membranes, albeit to a much lesser extent. In addition, this type II, nonlamellar phase forming lipid was of interest to study when considering membrane translocation, as E. coli mutants deficient in PE synthesis lack the ability to transport proteins across their plasma membrane (37) . Incorporation of 25 mol % PE to produce PC:PE vesicles resulted in similar partition coefficients for both peptides which differed little compared to their partitioning into POPC alone. This indicated that the presence of PE alone does not promote the partitioning of either peptide.
Both peptides showed considerably increased affinities for negatively charged membranes composed of PC:PG (Table  2) , on the order of 10-40-fold greater for the negatively charged PC:PG vesicles compared to the neutral PC vesicles. Interestingly, however, the partition coefficient of PV5 for PC:PG vesicles was almost double that of polyphemusin I. The DSC thermograms for negatively charged membranes were consistent with these partitioning data and indicated that, even at a low peptide concentration, the pretransition and main transition peaks were greatly reduced in magnitude for both peptides, suggesting a large interaction with the negatively charged lipid headgroups and disruption of acyl chain packing (Figure 6 ). The affinity of PV5 appeared to be significantly greater as evidenced by the larger reduction in enthalpy of the main thermal transition peak compared to that induced by polyphemusin I. Since the initial step in peptide-membrane association is thought to be due to electrostatic interaction, the additional arginine in PV5 likely accounts for the observed increase in partitioning into PGcontaining membranes when compared to polyphemusin I. While the effect of charge modification has not been well studied for the polyphemusins, studies have been conducted on other cationic peptides. Increasing the charge of the R-helical peptide magainin II has been shown to increase the permeabilizing ability of negatively charged PG-containing vesicles while no relationship was observed for neutral PC membranes (38) . This also highlights the limitations in using model membranes to study biological phenomena as the lack of partitioning into neutral PC membranes cannot explain the cytotoxic effects observed with some peptides. Certainly, the various proteins and receptors found in eukaryotic membranes interact with peptides to some extent. Tachyplesin, which, due to its similarity to the polyphemusins, would not be expected to partition into zwitterionic membranes, has been demonstrated to act as a secretagogue upon hemocytes (8) . This finding suggests that the polyphemusins are capable of interacting with eukaryotic cells in some manner that partitioning alone does not explain.
Both polyphemusin I and PV5 promoted negative membrane curvature strain as indicated by a reduction in the hexagonal phase transition temperature of DiPoPE ( Figure  7) . Transient, nonbilayer formation may play a role in the membrane translocation of proteins and peptides, and nonbilayer-forming lipids are required for protein folding (39) and protein transport across membranes (37) . The promotion of nonbilayer transitions by these peptides may thus explain part of their antimicrobial mechanism.
The effects of polyphemusin, on the lamellar to inverted hexagonal phase transition temperature of pure DiPoPE, contrast with those observed for other cationic peptides. Addition of the cationic peptides LL-37 (40), magainin 2 (41), and an analogue, MSI-78 (42), increases the T H , indicating the induction of positive curvature strain as more energy is required to drive the formation of the inverted hexagonal phase (cf. polyphemusins that lowered the T H and induced negative curvature strain, thus promoting the formation of the inverted hexagonal phase). The induction of positive membrane curvature strain is consistent with a mechanism involving the torroidal-pore model in which peptide-induced positive membrane curvature would lead to the formation of a torus-like pore, which, upon collapse, may disperse peptide on either side of the lipid bilayer. Due to the induction of negative membrane curvature observed here for polyphemusin I and PV5, it is clear that the polyphemusin family of peptides does not function through this mechanism. This is similar of pardaxin which induces negative curvature strain even at very low concentrations (peptide:lipid mole ratio of 1:50000) which also does not function through a torroidal mechanism (35) .
Additional insight into the mechanism of action of the polyphemusins may also be inferred from previous studies focused on lipid flip-flop and dye release. It was shown that at low peptide:lipid ratios (<0.005) significant lipid exchange between membrane leaflets is observed (∼60%) but very little calcein release occurs (∼5%) (5). To maintain membrane integrity and prevent entrapped contents from leaking out of the vesicles, the peptide must interact with the leaflets sequentially so one will always be intact and impermeable to the dye, or alternatively the disturbance produced must be too small to allow appreciable dye release. Since the degree of flip-flop is so large, the latter explanation seems unlikely. This is because the degree of disturbance necessary for lipid molecules (POPC MW 760) to switch leaflets should be sufficiently large as to cause appreciable calcein (MW 623) dye release. From these data and the results reported here we can propose a model for the translocation of the polyphemusins (Figure 8 ). It is hypothesized that the peptides translocate the membrane through the formation of a transient, nonbilayer peptide-lipid intermediates. Peptides initially encounter the net negatively charged membrane bilayer (step 1) and interact with negatively charged lipid headgroups in the outer leaflet (step 2). This leads to partial membrane insertion and peptide aggregation within the bilayer, causing negative curvature strain (step 3). Peptide aggregation and induced curvature strain drive the formation of a nonbilayer intermediate (step 4). Upon formation of this state, the outer leaflet regains integrity and re-forms a permeability barrier. Collapse of this intermediate structure leads to the redistribution of the peptide in both leaflets, during which a small amount of dye may be released (step 5). While the data presented in this paper support only steps 1 and 2 of this mechanism, it serves to further define the aggregate model of membrane translocation previously proposed by our group (43) . It should also be noted that the aggregate model is similar in nature to the sinking-raft model proposed by Pokorny et al. (44, 45) .
The findings presented here, combined with previous observations that polyphemusin I promotes lipid flip-flop between membrane leaflets but does not induce significant vesicle leakage (5), rule out the torroidal pore (46) and carpet mechanisms of action (47). 
